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ABSTRACT: The compounds 4,4′-bis[(E)-2-R-vinyl]-2,2′-
bipyridyl {R = ferrocenyl [(Fcv)2bpy], octamethylferrocenyl
[(Me8Fcv)2bpy] or 4-(diphenylamino)phenyl [(Dapv)2bpy]}
are used to prepare eight new complexes with ZnIICl2,
ZnII(OAc)2, or fac-Re
ICl(CO)3 centers. The recently reported
complex fac-ReICl(CO)3[(Dapv)2bpy] (Horvath, R. et al.
Inorg. Chem. 2013, 52, 1304) is also studied. Electronic
absorption spectra show intense d → π* metal-to-ligand
charge-transfer (MLCT) and π → π* intraligand charge-
transfer (ILCT) absorption bands, the relative energies of
which correlate logically with the molecular structure. Cyclic voltammetry reveals a reversible oxidation wave for the Fc/Me8Fc
complexes, accompanied by quasireversible or irreversible ligand-based reductions. The Re complexes also show irreversible ReII/I
waves. Single-crystal X-ray structures are reported for (Me8Fcv)2bpy, Zn
IICl2[(Me8Fcv)2bpy], Zn
II(OAc)2[(Fcv)2bpy]·CHCl3,
and fac-ReICl(CO)3[(Me8Fcv)2bpy]·0.5CHCl3. Molecular ﬁrst hyperpolarizabilities β are measured in DCM solutions via the
hyper-Rayleigh scattering (HRS) technique at 1300 nm. Stark (electroabsorption) spectroscopic studies on only the MLCT
bands in frozen butyronitrile allow the indirect estimation of lower limits for the overall static ﬁrst hyperpolarizabilities β0. Time-
dependent density functional theory (TD-DFT) calculations on selected complexes conﬁrm the expected assignments of their
low energy absorption bands, with the best results obtained by using the M06 functional and Def2-TZVP/SVP/TZVPP mixed
basis set. DFT predicts that the total static ﬁrst hyperpolarizability βtot increases in the Zn
IICl2 series in the order R = Fc < Me8Fc
< Dap, consistent with the HRS and Stark data. The computed β values increase substantially on moving from the gas phase to a
DCM or MeCN solvent medium, and the essentially 2D nature of the chromophores leads to dominant βxxy tensor components.
■ INTRODUCTION
The great diversity of applications for nonlinear optical (NLO)
eﬀects has stimulated intense interest in organic materials.1
Current NLO technology that employs inorganic crystals
includes harmonic generators and electro-optic switches, while
emerging and potential uses range from biological imaging to
all-optical computing. All such applications involve laser light
beams. Although they have had limited commercial impact thus
far,2 organic compounds have various key advantages over
widely used materials like LiNbO3 or KTiOPO4. These include
ultrafast NLO responses, ready processability, and tailorability
by synthetic chemistry. As a particular class of molecular
compounds, transition-metal complexes have attracted sub-
stantial attention.3 When compared with purely organic
molecules, metal complexes feature greater structural diversity,
with vast scope for creating multifunctional materials. For
example, a number of studies have addressed the reversible
switching of NLO responses via metal-based redox.4
The electronic structures of most NLO chromophores are
dipolar in nature. Connecting an electron donor to an acceptor
group via a π-conjugated bridge allows π → π* intramolecular
charge-transfer (ICT) excitations, potentially aﬀording large
dipole-moment changes. Such transitions are associated with
signiﬁcant values of the ﬁrst hyperpolarizability β, from which
quadratic (second-order) eﬀects originate. The most well-
studied and widely used of such phenomena is second
harmonic generation (SHG) or frequency doubling. Besides
(pseudo)linear chromophores, two-dimensional dipoles are
very interesting.5 Such species have signiﬁcant advantages over
their 1D counterparts, for example, increased β responses
without the normal sacriﬁce of visible transparency. Also,
having more than one signiﬁcant component of the β tensor in
a V-shaped molecule can prevent reabsorption of SHG that is
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polarized perpendicular to the ICT transition dipole moment.6
Phase matching between the fundamental and harmonic beams
may be enhanced with such chromophores.6
Following the seminal report by Green, Marder, and co-
workers,7 many studies on quadratic NLO properties have
featured the ferrocenyl (Fc) group or its methylated
derivatives.3e,8 The highly stable Fc unit is a weaker π-electron
donor when compared with a common 4-(dialkylamino)phenyl
moiety,9 but methylation enhances its donating strength.
Various physical data indicate that the π-donor strength of an
octamethylferrocenyl (Me8Fc) group is similar to that of a 4-
(dialkylamino)phenyl fragment.8h In addition, the readily
accessible formal FeIII/II redox is useful for switching optical
properties.4a,b,8j We have used bis-Fc derivatives of 2,2′-
bipyridyl (bpy) to prepare diquat derivatives,10 and also tris-
chelate complexes of ZnII or CdII.11 Earlier studies from Le
Bozec et al. described SHG from monobpy complexes of ReI or
ZnII with a single Fc substituent.12 In the present study, we
report related species with two Fc or Me8Fc groups as novel
trimetallic chromophores designed to display signiﬁcantly two-
dimensional NLO responses. The properties of these
complexes are compared with those of related molecules with
4-(diphenylamino)phenyl substituents. While this work was in
progress, one of the latter compounds was reported
independently.13
■ EXPERIMENTAL SECTION
Materials and Procedures. The compounds octamethylferroce-
necarboxaldehyde,14 4,4′-bis-[(E)-2-(ferrocenyl)vinyl]-2,2′-bipyridyl
[(Fcv)2bpy],
10 and 4,4′-bis-[(E)-2-(4-(diphenylamino)phenyl)vinyl]-
2,2′-bipyridyl [(Dapv)2bpy]15 were prepared by following published
procedures. All other reagents were obtained commercially and used as
supplied. Products were dried overnight in a vacuum desiccator (silica
gel) prior to characterization.
General Physical Measurements. 1H NMR spectra were
recorded on Bruker UltraShield 500 or AV-400 spectrometers with
all shifts referenced to residual solvent signals and quoted with respect
to TMS. The AA′BB′ patterns of phenylene units are reported as
simple doublets, with “J values” referring to the two most intense
peaks. Elemental analyses were performed by the Microanalytical
Laboratory, University of Manchester, UV−vis absorption spectra
were obtained using a Shimadzu UV-2401 PC spectrophotometer, and
emission spectra were recorded on a Gilden Photonics ﬂuoroSENS-
9000 ﬂuorimeter. IR spectroscopy was performed on solid samples
using an Excalibur BioRad FT-IR spectrometer, and mass spectra were
recorded using MALDI on a Micromass Tof Spec 2e or +electrospray
on a Micromass Platform II spectrometer. Cyclic voltammetric
measurements were performed using an Ivium CompactStat. A
single-compartment cell was used with a silver/silver chloride
reference electrode (3 M NaCl, saturated AgCl) separated by a salt
bridge from a 3 mm disk glassy-carbon working electrode and Pt wire
auxiliary electrode. DCM was used as supplied from Sigma-Aldrich
(HPLC grade), and [N(C4H9-n)4]PF6 (Fluka, electrochemical grade)
was used as the supporting electrolyte. Solutions containing ca. 10−3 M
analyte (0.1 M [N(C4H9-n)4]PF6) were deaerated by purging with N2.
All E1/2 values were calculated from (Epa + Epc)/2 at a scan rate of 100
mV s−1.
Synthesis of 4,4′-Bis[(E)-2-(4-octamethylferrocenyl)vinyl]-
2,2′-bipyridyl, (Me8Fcv)2bpy. Potassium tert-butoxide (129 mg,
1.15 mmol) was added to a stirred solution of 4,4′-bis-
[(diethoxyphosphinyl)methyl]-2,2′-bipyridyl (250 mg, 0.553 mmol)
and octamethylferrocenecarboxaldehyde (392 mg, 1.20 mmol) in THF
(10 mL). The reaction vessel was sealed, protected from the light, and
stirred at room temperature for 2 h. The red precipitate was ﬁltered oﬀ
and washed with copious amounts of water, then acetone, and ﬁnally
diethyl ether: 207 mg, 45%; δH (400 MHz, CDCl3) 8.61 (2 H, d,
3JHH
= 5.2 Hz, C5H3N−H6), 8.33 (2 H, s, C5H3N−H3), 7.43 (2 H, dd, 3JHH
= 5.0, 4JHH = 1.6 Hz, C5H3N−H5), 7.23 (2 H, d, 3JHH = 16.8 Hz, CH),
6.77 (2 H, d, 3JHH = 16.4 Hz, CH), 3.33 (2 H, s, C5H), 2.01 (12 H, s,
Me), 1.83 (12 H, s, Me), 1.71 (12 H, s, Me), 1.65 (12 H, s, Me). δH
(400 MHz, CD2Cl2) 8.57 (2 H, d
3JHH = 5.2 Hz, C5H3N−H6), 8.41 (2
H, d, 4JHH = 1.6 Hz, C5H3N−H3), 7.43 (2 H, dd, 3JHH = 5.2 Hz, 4JHH =
1.6 Hz, C5H3N−H5), 7.25 (2 H, d, 3JHH = 16.4 Hz, CH), 6.77 (2 H, d
3JHH = 16.4 Hz, CH), 3.31 (2 H, s, C5H), 2.02 (12 H, s, Me), 1.84 (12
H, s, Me), 1.70 (12 H, s, Me), 1.66 (12 H, s, Me); ES-MS: m/z = 801
(M+). Anal. Calcd for C50H60Fe2N2·2H2O: C, 71.8; H, 7.7; N, 3.4.
Found: C, 71.4; H, 7.4; N, 3.5. Crystals suitable for X-ray diﬀraction
were grown by slow evaporation of a CHCl3/hexane solution.
Synthesis of ZnIICl2[(Fcv)2bpy] (1). Zn
IICl2 (13 mg, 0.095 mmol)
was added to a solution of (Fcv)2bpy·0.33H2O (50 mg, 0.086 mmol)
in degassed DCM (20 mL). The reaction was stirred at room
temperature for 2 h under an Ar atmosphere, changing color from
orange to purple. The solvent was removed under vacuum, leaving a
deep purple solid. CHCl3 was added and unreacted Zn
IICl2 removed
by ﬁltration. The ﬁltrate was concentrated to a small volume under
vacuum and the product precipitated by adding toluene. The deep
purple solid was recrystallized by slow evaporation of a CHCl3/toluene
solution at room temperature. The purple crystals were ﬁltered oﬀ,
washed with toluene and diethyl ether, and dried: 23 mg, 35%; δH
(400 MHz, CDCl3) 8.61 (2 H, d,
3JHH = 5.6 Hz, C5H3N−H6), 8.12 (2
H, s, C5H3N−H3), 7.58 (2 H, d, 3JHH = 5.6 Hz, C5H3N−H5), 7.49 (2
H, d, 3JHH = 16.4 Hz, CH), 6.72 (2 H, d,
3JHH = 16.4 Hz, CH), 4.62 (4
H, s, C5H4), 4.51 (4 H, s, C5H4), 4.22 (10 H, s, C5H5); +MALDI-MS:
m/z = 675 ([M − Cl]+). Anal. Calcd for C34H28Cl2Fe2N2Zn·
0.5CHCl3: C, 53.7; H, 3.7; N, 3.6. Found: C, 53.9; H, 3.4; N, 3.7.
Synthesis of ZnIICl2[(Me8Fcv)2bpy] (2). This compound was
prepared in a manner similar to that for 1 by using (Me8Fcv)2bpy·
2H2O (42 mg, 0.050 mmol) in place of (Fcv)2bpy·0.33H2O and
ZnIICl2 (7 mg, 0.051 mmol). The reaction changed color from pink-
red to blue. To the ﬁltered CHCl3 solution were added hexane and a
few drops of Et3N, and slow evaporation at room temperature aﬀorded
dark blue crystals which were ﬁltered oﬀ, washed with cold hexane, and
dried: 32 mg, 64%; δH (400 MHz, CDCl3) 8.59 (2 H, d,
3JHH = 5.6 Hz,
C5H3N−H6), 8.02 (2 H, s, C5H3N−H3), 7.66 (2 H, d, 3JHH = 5.6 Hz,
C5H3N−H5), 7.42 (2 H, d, 3JHH = 16.4 Hz, CH), 6.75 (2 H, d, 3JHH =
16.4 Hz, CH), 3.37 (2 H, s, C5H), 2.06 (12 H, s, Me), 1.88 (12 H, s,
Me), 1.70 (12 H, s, Me), 1.65 (12 H, s, Me); +MALDI-MS: m/z = 902
([M − Cl]+). Anal. Calcd for C50H60Cl2Fe2N2Zn·0.5CHCl3: C, 60.9;
H, 6.1; N, 2.8. Found: C, 60.9; H, 6.0; N, 3.0. Crystals suitable for X-
ray diﬀraction were grown by slow evaporation of a CHCl3/ethanol
solution.
Synthesis of ZnIICl2[(Dapv)2bpy] (3). This compound was
prepared in a manner similar to that for 1 by using (Dapv)2bpy·
H2O (108 mg, 0.151 mmol) in place of (Fcv)2bpy·0.33H2O and
ZnIICl2 (28 mg, 0.205 mmol). The reaction changed color from yellow
to bright orange. The red-orange, microcrystalline pure product was
obtained as for 2 (except that no Et3N was added): 95 mg, 76%; δH
(500 MHz, CDCl3) 8.47 (2 H, d,
3JHH = 5.6 Hz, C5H3N−H6), 8.26 (2
H, s, C5H3N−H3), 7.69 (2 H, d, 3JHH = 16.4 Hz, CH), 7.54 (4 H, d,
3JHH = 9.0 Hz, C6H4), 7.40 (2 H, d,
3JHH = 5.0 Hz, C5H3N−H5), 7.34−
7.31 (8 H, Ph−H3,5), 7.19−7.17 (8 H, Ph−H2,6), 7.14−7.10 (4 H, Ph−
H4), 7.08 (4 H, d, 3JHH = 8.5 Hz, C6H4), 6.90 (2 H, d,
3JHH = 16.4 Hz,
CH). Anal. Calcd for C50H38Cl2N4Zn·0.2CHCl3: C, 70.5; H, 4.5; N,
6.6. Found: C, 70.5; H, 4.4; N, 6.6. +MALDI-MS: m/z = 793 ([M −
Cl]+).
Synthesis of ZnII(OAc)2[(Fcv)2bpy] (4). This compound was
prepared in a manner similar to that for 1 by using (Fcv)2bpy·0.33H2O
(50 mg, 0.086 mmol), DCM (15 mL) and ZnII(OAc)2 (18 mg, 0.098
mmol) in place of ZnIICl2. The reaction changed color from orange to
dark pink. To the ﬁltered CHCl3 solution was added toluene, and slow
evaporation at room temperature aﬀorded dark pink crystals which
were ﬁltered oﬀ, washed with cold toluene and dried: 50 mg, 73%; δH
(400 MHz, CD2Cl2) 8.75 (2 H, d,
3JHH = 5.6 Hz, C5H3N−H6), 8.16 (2
H, s, C5H3N−H3), 7.60 (2 H, d, 3JHH = 5.6 Hz, C5H3N−H5), 7.45 (2
H, d, 3JHH = 16.4 Hz, CH), 6.78 (2 H, d,
3JHH = 16.4 Hz, CH), 4.62 (4
H, s, C5H4), 4.48 (4 H, s, C5H4), 4.21 (10 H, s, C5H5), 1.97 (6 H, s,
MeCO2); +MALDI-MS: m/z = 700 ([M − OAc]+). Anal. Calcd for
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C38H34Fe2N2O4Zn·0.3CHCl3: C, 57.8; H, 4.4; N, 3.5. Found: C, 57.7;
H, 4.3; N, 3.5. Crystals suitable for X-ray diﬀraction were grown by
slow evaporation of a CHCl3/hexane solution.
Synthesis of ZnII(OAc)2[(Me8Fcv)2bpy] (5). This compound was
prepared in a manner similar to that for 4 by using (Me8Fcv)2bpy·
2H2O (64 mg, 0.076 mmol) in place of (Fcv)2bpy·0.33H2O, DCM (15
mL), and ZnII(OAc)2 (19 mg, 0.104 mmol). The reaction changed
color from red to blue, and a dark blue crystalline solid was obtained:
54 mg, 66%; δH (400 MHz, CD2Cl2) 8.73 (2 H, d,
3JHH = 5.6 Hz,
C5H3N−H6), 8.09 (2 H, s, C5H3N−H3), 7.66 (2 H, d, 3JHH = 5.2 Hz,
C5H3N−H5), 7.39 (2 H, d, 3JHH = 16.4 Hz, CH), 6.80 (2 H, d, 3JHH =
16.4 Hz, CH), 3.36 (2 H, s, C5H), 2.03 (12 H, s, Me), 1.97 (6 H, s,
MeCO2), 1.85 (12 H, s, Me), 1.67 (12 H, s, Me), 1.63 (12 H, s, Me);
+MALDI-MS: m/z = 923 ([M − OAc]+). Anal. Calcd for
C54H66Fe2N2O4Zn·0.8CHCl3: C, 61.0; H, 6.2; N, 2.6. Found: C,
60.7; H, 6.5; N, 2.5.
Synthesis of ZnII(OAc)2[(Dapv)2bpy] (6). This compound was
prepared in a manner similar to that for 4 by using (Dapv)2bpy·H2O
(110 mg, 0.154 mmol) in place of (Fcv)2bpy·0.33H2O, DCM (20
mL), and ZnII(OAc)2 (31 mg, 0.169 mmol). The reaction changed
color from yellow to bright orange, and a red-orange crystalline solid
was obtained: 95 mg, 67%; δH (400 MHz, CD2Cl2) 8.75 (2 H, d,
3JHH
= 5.2 Hz, C5H3N−H6), 8.23 (2 H, s, C5H3N−H3), 7.59 (2 H, d, 3JHH =
5.6 Hz, C5H3N−H5), 7.54−7.49 (6 H, C6H4 + CH), 7.34−7.29 (8 H,
Ph−H3,5), 7.16−7.09 (12 H, Ph−H2,6 + Ph−H4), 7.05 (4 H, d, 3JHH =
8.8 Hz, C6H4), 7.03 (2 H, d,
3JHH = 16.4 Hz, CH), 1.97 (6 H, s,
MeCO2); +MALDI-MS: m/z = 818 ([M − OAc]+). Anal. Calcd for
C54H44N4O4Zn·0.4CHCl3: C, 70.6; H, 4.8; N, 6.1. Found: C, 70.8; H,
4.7; N, 6.0.
Synthesis of fac-ReICl(CO)3[(Fcv)2bpy] (7). Re
ICl(CO)5 (42 mg,
0.116 mmol) was added to a solution of (Fcv)2bpy·0.33H2O (67 mg,
0.115 mmol) in degassed toluene (15 mL). The reaction was heated
under reﬂux for 2 h under an Ar atmosphere, changing color from
orange to pink/purple. Upon cooling, a purple precipitate formed.
This solid was ﬁltered oﬀ, washed sequentially with toluene, methanol,
acetone, and then diethyl ether, and dried: 87 mg, 86%; δH (400 MHz,
CDCl3) 8.78 (2 H, d,
3JHH = 6.2 Hz, C5H3N−H6), 8.06 (2 H, s,
C5H3N−H3), 7.37 (2 H, d, 3JHH = 16.4 Hz, CH), 7.32 (2 H, d, 3JHH =
4.8 Hz, C5H3N−H5), 6.63 (2 H, d, 3JHH = 16.4 Hz, CH), 4.68 (2 H, s,
C5H4), 4.59 (2 H, s C5H4), 4.51 (4 H, m, C5H4), 4.20 (10 H, s, C5H5);
+MALDI-MS: m/z = 882 ([M]+), 847 ([M − Cl]+). Anal. Calcd for
C37H28ClFe2N2O3Re: C, 50.4; H, 3.2; N, 3.2. Found: C, 50.4; H, 3.6;
N, 3.0.
Synthesis of fac-ReICl(CO)3[(Me8Fcv)2bpy] (8). This compound
was prepared in a manner similar to that for 7 by using (Me8Fcv)2bpy·
2H2O (90 mg, 0.108 mmol) in place of (Fcv)2bpy·0.33H2O and
ReICl(CO)5 (41 mg, 0.113 mmol). The reaction changed color from
dark pink to deep green, and removal of the solvent under vacuum
gave a dark green solid. Puriﬁcation was eﬀected by column
chromatography on silica gel, eluting with 9:1 DCM/methanol. The
main green fraction was collected and evaporated to dryness: 56 mg,
47%; δH (400 MHz, CDCl3) 8.83 (2 H, d,
3JHH = 6.2 Hz, C5H3N−H6),
7.97 (2 H, s, C5H3N−H3), 7.49 (2 H, d, 3JHH = 6.2 Hz, C5H3N−H5),
7.34 (2 H, d, 3JHH = 16.4 Hz, CH), 6.71 (2 H, d,
3JHH = 16.4 Hz, CH),
3.36 (2 H, s, C5H), 2.05 (12 H, s, Me), 1.88 (12 H, s, Me), 1.71 (12 H,
s, Me), 1.66 (12 H, s, Me); +MALDI-MS: m/z = 1106 ([M]+), 1069
([M − Cl]+). Anal. Calcd for C53H60ClFe2N2O3Re: C, 57.5; H, 5.5; N,
2.5. Found: C, 57.4; H, 5.5; N, 2.5. Crystals suitable for X-ray
diﬀraction were grown by slow evaporation of a CHCl3/ethanol
solution.
Synthesis of fac-ReICl(CO)3[(Dapv)2bpy] (9). This compound
was prepared and puriﬁed in a manner similar to that for 8 by using
(Dapv)2bpy·H2O (100 mg, 0.140 mmol) in place of (Me8Fcv)2bpy·
2H2O and Re
ICl(CO)5 (53 mg, 0.147 mmol). The reaction changed
color from yellow to orange, and the product precipitated on cooling.
An orange solid was obtained: 98 mg, 70%; δH (400 MHz, CDCl3)
8.53 (2 H, d, 3JHH = 5.6 Hz, C5H3N−H6), 8.25 (2 H, s, C5H3N−H3),
7.61 (4 H, d, 3JHH = 8.8 Hz, C6H4), 7.53 (2 H, d,
3JHH = 16.4 Hz, CH),
7.35−7.30 (8 H, Ph−H3,5), 7.20−7.17 (8 H, Ph−H2,6), 7.14−7.10 (8
H, C6H4 + Ph−H4), 6.95 (2 H, d, 3JHH = 5.2 Hz, C5H3N−H5), 6.68 (2
H, d, 3JHH = 16.4 Hz, CH); +MALDI-MS: m/z = 1001 ([M]
+), 973
([M − CO]+), 966 ([M − Cl]+), 945 ([M − 2CO]+). Anal. Calcd for
C53H38ClN4O3Re: C, 63.6; H, 3.8; N, 5.6. Found: C, 63.1; H, 3.4; N,
5.5.
X-ray Structural Determinations. The data for (Me8Fcv)2bpy, 2,
4·CHCl3, and 8·0.5CHCl3 were collected on a Bruker APEX II CCD
X-ray diﬀractometer by using graphite-monochromated, Cu Kα
radiation (wavelength = 1.5418 Å). The Bruker APEX2 software
suite was used to guide the diﬀractometer and perform unit cell
determinations. Data processing was carried out by using APEX2, and
semiempirical absorption corrections were applied by using
SADABS.16 The structures were solved by direct methods and reﬁned
by full-matrix least-squares on all F0
2 data using SHELXS-9717 and
SHELXL-97.18 All non-H atoms were reﬁned anisotropically, with H
atoms bonded to C or N included in calculated positions by using the
riding method. The asymmetric unit of (Me8Fcv)2bpy contains half of
a molecule. For 2, diﬀraction did not occur past 1 Å, due to the very
small size of the crystal. The included solvent in 8·0.5CHCl3 shows
static disorder over two sites; this was modeled at half occupancy for
each part of the disorder, with a constraint applied to the C−Cl
distances. The crystal of 8·0.5CHCl3 also contained some unreﬁnable
solvent which was accounted for by using the solvent mask facility in
the OLEX2 software package,19 based on the SQUEEZE procedure.20
All other calculations were carried out by using OLEX2. Crystallo-
graphic data and reﬁnement details are presented in the Supporting
Information (Table S1).
Hyper-Rayleigh Scattering. The experimental procedures used
for the spectral fs HRS studies have been described previously.21 All
measurements were carried out in DCM with Disperse Red 1 as an
external reference (βzzz,1300 = 54 × 10
−30 esu)21d,e and using the 1300
nm fundamental of a Spectra-Physics Insight DeepSee fs pulsed laser,
tunable from 690 to 1300 nm. The laser beam passed a FEL700 cut-on
long pass ﬁlter to remove all intensity with wavelengths shorter than
700 nm before being focused by an aspheric lens ( f = 8 mm) in the
measuring cell. Collection of the scattered light was done under 90°
with an aspherized achromatic lens ( f = 30 mm). Having passed the
optical ﬁlters, the generated light was sent through a calibrated Bruker
Surespectrum 500is spectrometer and detected using an EMCCD
(Ixon 897 Andor) cooled to −85 °C. Mirrors used in the setup were
Au-coated to ensure optimal reﬂectivity over the entire spectrum used.
Dilute solutions (10−5−10−6 M) were used to ensure a linear
dependence of I2ω/Iω
2 on concentration, precluding the need for
Lambert−Beer correction factors. Extensive multiphoton-excited
luminescence meant that useful results could not be obtained for
complexes 3−6. Unfortunately, due to the use of very low
concentrations and the relatively low signal intensities obtained, it
was not possible to measure HRS depolarization ratios22 for the new
compounds.
Stark Spectroscopy. The Stark apparatus, experimental methods,
and data collection procedure were as previously reported,23 except
that a Xe arc lamp was used as the light source instead of a W ﬁlament
bulb. The Stark spectrum for each compound was measured at least
twice. The data analysis was carried out as previously described23 by
using the zeroth, ﬁrst, and second derivatives of the absorption
spectrum for analysis of the Stark Δε(ν) spectrum in terms of the
Liptay treatment.24 The dipole-moment change, Δμ12 = μe − μg, where
μe and μg are the respective excited and ground-state dipole moments,
was then calculated from the coeﬃcient of the second derivative
component. Butyronitrile was used as the glassing medium, for which
the local ﬁeld correction f int is estimated as 1.33.
23 A two-state analysis
of the ICT transitions gives
μ μ μΔ = Δ + 4ab
2
12
2
12
2
(1)
where Δμab is the dipole-moment change between the diabatic states
and Δμ12 is the observed (adiabatic) dipole-moment change. The
value of the transition dipole-moment μ12 can be determined from the
oscillator strength fos of the transition by the normally reliable
approximation
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where Emax is the energy of the ICT maximum (in wavenumbers) and
μ12 is in eÅ. The latter is converted into Debye units on multiplying by
4.803. The degree of delocalization cb
2 and electronic coupling matrix
element Hab for the diabatic states are given by
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If the hyperpolarizability β0 tensor has only nonzero elements along
the ICT direction, then this quantity is given by
β
μ μ
=
Δ
E
3 ( )
( )0
12 12
2
max
2 (5)
A relative error of ±20% is estimated for the β0 values derived from the
Stark data and using eq 5, while experimental errors of ±10% are
estimated for μ12, Δμ12, and Δμab, ±15% for Hab, and ±50% for cb2.
Note that the ±20% uncertainty for the β0 values is merely statistical
and does not account for any errors introduced by two-state
extrapolation.
Theoretical Calculations. Geometry optimizations, density func-
tional theory (DFT), and time-dependent DFT (TD-DFT)
calculations were undertaken by using the Gaussian 09 software.25
Studies were performed on the complexes 1−3 and 8 by using the
functionals B3LYP,26 CAM-B3LYP,27 or M06,28 with the basis sets 6-
31g(d) on C/H/N/Cl and LANL2DZ on Zn (used for 3 only) or
Def2-TZVP on Fe/Re/Zn with SVP on C/H/N/O and TZVPP on Cl.
The ground-state structures were optimized in the gas phase by using
the same functional and basis set combination used for the subsequent
TD-DFT calculations. Some of the calculations used the conductor-
like polarizable continuum model (CPCM)29 of CHCl3. In each case,
the ﬁrst 50 excited singlet states were calculated via TD-DFT. UV−vis
spectra in the range 200−800 nm were simulated by using the
GaussSum program30 (curve fwhm = 3000 cm−1).
β0 values were calculated for 1−3 by using M06 as the analytical
second derivatives of the dipole moment with respect to an external
electric ﬁeld. The Def2-TZVP/SVP/TZVPP mixed basis set was used,
and calculations were run both in the gas phase and in DCM or
MeCN solvents. The calculated βtot value is the overall magnitude of
the static ﬁrst hyperpolarizability related to the individual tensor
components according to31
β β β β β β β
β β β
= + + + + +
+ + +
[( ) ( )
( ) ]
xxx xyy xzz yyy yzz yxx
zzz zxx zyy
tot
2 2
2 1/2
(6)
and
β β β β= + +( )x y ztot
2 2 2 1/2
(7)
For the complexes studied here with Cs point group symmetry,
Gaussian 09 assigns the plane of symmetry as yz, with the y axis
bisecting the bpy ligand (as shown in Figure 1).
■ RESULTS AND DISCUSSION
Synthesis. The new proligand (Me8Fcv)2bpy was prepared
in analogous fashion to (Fcv)2bpy
10 by using Horner−
Wadsworth−Emmons chemistry. Reacting 4,4′-bis-
[(diethoxyphosphinyl)methyl]-2,2′-bipyridyl with octamethyl-
ferrocenecarboxaldehyde14 and potassium tert-butoxide in THF
aﬀords the desired product in pure form without puriﬁcation,
but the yield of 45% is considerably lower than that obtained
for (Fcv)2bpy (ca. 80%). After prolonged storage,
1H NMR
spectroscopy reveals broadened signals attributable to trace-
level aerial oxidation; recrystallization from CHCl3/toluene
returns pure material.
The new complexes 1−3 were prepared simply by reacting
the appropriate proligand with zinc chloride at room
temperature in DCM. Compound 1 shows relatively low
solubility and was obtained pure in only 35% yield after
recrystallization. The addition of a small amount of triethyl-
amine is required to prevent any aerial oxidation during the
slow recrystallization of 2, but the isolated yield is nearly twice
that of 1. The highest yield for this series of complexes was
obtained for the (Dapv)2bpy-containing 3 (76%). Using zinc
acetate in the complexations aﬀords 4−6, which were isolated
in yields of ca. 65−75% after recrystallization. The solubilities
of these complexes in organic solvents are signiﬁcantly higher
than those of their chloride analogues.
The complexes 7−9 were prepared from the precursor
ReICl(CO)5 in reﬂuxing toluene. The products 7 and 9
precipitate out on cooling, while the (Me8Fcv)2bpy-containing
8 shows relatively higher solubility. Compounds 8 and 9 were
both puriﬁed via column chromatography on silica gel, but the
isolated yield is once again signiﬁcantly higher for the
(Dapv)2bpy complex (70%, cf. 47% for 8). During the progress
of this work, Horvath et al. reported obtaining an even higher
yield of 9 (88%) from a reaction in ethanol, without any
puriﬁcation.13
Electronic Spectroscopy. The electronic absorption
spectral data for the new complexes 1−9 and the proligands
(Fcv)2bpy, (Me8Fcv)2bpy, and (Dapv)2bpy recorded in CHCl3
are listed in Table 1. Representative spectra of the complexes
are shown in Figures 2−4.
The spectra of (Fcv)2bpy and (Me8Fcv)2bpy and their
complexes show one main visible absorption and another, more
intense band at higher energy in the UV region. Such proﬁles
are typical of electron donor−acceptor ferrocenyl derivatives.
Barlow et al. used Stark spectroscopy to conﬁrm that both
absorptions are due to ICT transitions.32 The UV band has
ILCT character, while the visible absorption is largely due to
d(FeII) → π* MLCT transitions. Subsequent TD-DFT studies
reported by Salman et al. broadly conﬁrm these assignments.33
For the Re complexes 7 and 8, distortions of the ILCT band to
low energy are attributable to overlap with absorptions of
d(ReI)→ π* MLCT character (but see the Theoretical Studies
section below). Other less intense absorptions, due to π → π*
transitions, are also observed to high energy of the ILCT bands.
Figure 1. Chemical structures of the complexes investigated. The axes
shown approximate those used in the theoretical studies.
Organometallics Article
DOI: 10.1021/acs.organomet.5b00193
Organometallics 2015, 34, 1701−1715
1704
As expected, replacing Fc with the more electron-rich Me8Fc
decreases the energy of the MLCT band by ca. 0.2 eV in the
proligands and ca. 0.3 eV in their complexes, due to
destabilization of the HOMO. Complexation causes both this
and the ILCT band to red-shift by approximately the same
degree; for (Fcv)2bpy/(Me8Fcv)2bpy, the shifts are ca. 0.3/0.4
eV with either ZnIICl2 or Re
I(CO)3Cl, and ca. 0.2/0.3 eV with
ZnII(OAc)2. Replacing a Zn
IICl2 center with Zn
II(OAc)2
increases the energy of the MLCT band by ca. 0.1 eV, while
this energy is only slightly lower for the Re complexes than
their ZnIICl2 counterparts. These data indicate the electron-
acceptor strength order ZnII(OAc)2 < Zn
IICl2 ≤ ReI(CO)3Cl,
consistent with the ﬁndings of Bourgault et al.12 In this sense, it
can be assumed that these metal centers exert an essentially
inductive inﬂuence. This assertion is consistent with the results
of DFT calculations on complexes 1−3 and 8, which show that
the ZnII/ReI centers have no signiﬁcant contributions to the
LUMO or LUMO+1 (see below).
The spectra of the (Dapv)2bpy complexes are dominated by
an intense absorption at around 450 nm. Horvath et al. used
TD-DFT calculations to assign this band for 9,13 showing
charge transfer from the HOMO and HOMO−1, based mainly
on the triphenylamino units, to the LUMO largely on the bpy
fragment. Therefore, this band has ILCT character. It appears
with λmax = 399 nm for the proligand, showing large red-shifts
of ca. 0.3−0.4 eV on complexation. Its energy increases by 0.06
eV when ReI(CO)3Cl is replaced by Zn
IICl2 (in 3) and by a
further 0.08 eV on moving to the ZnII(OAc)2 complex 6. The
Table 1. UV−vis and Electrochemical Data for Complexes 1−9
E, V vs Ag−AgCl (ΔEp, mV)b
compd λmax, nm
a (ε, 103 M−1 cm−1) Emax (eV) assignment Epa E1/2 Epc
(Fcv)2bpy 476 (5.40) 2.61 d(Fe
II) → π* 0.46 (70)c
384 (8.70) 3.23 π → π*
321 (56.2) 3.86 π → π*
259 (38.6) 4.79 π → π*
(Me8Fcv)2bpy 511 (8.20) 2.43 d(Fe
II) → π* 0.02 (60)d
345 (54.8) 3.59 π → π*
280 (41.6) 4.43 π → π*
(Dapv)2bpy 399 (70.9) 3.11 π → π* 1.06
d,e
300 (49.0) 4.13 π → π*
1 527 (7.51) 2.35 d(FeII) → π* 0.46 (80) −1.29
344 (35.6) 3.60 π → π*
264 (23.4) 4.70 π → π*
2 602 (9.13) 2.06 d(FeII) → π* 0.18 (80) −1.62
385 (37.9) 3.22 π → π*
305 (27.0) 4.07 π → π*
3 455 (50.9) 2.73 π → π* 0.99d −1.40
374 (18.9) 3.32 π → π*
305 (43.0) 4.07 π → π*
272sh (29.3) 4.56 π → π*
4 512 (6.57) 2.42 d(FeII) → π* 0.47 (110) −1.48
−1.86334 (37.8) 3.71 π → π*
264 (25.4) 4.70 π → π*
5 574 (6.13) 2.16 d(FeII) → π* 0.15 (80) −1.48
371 (29.6) 3.34 π → π*
281 (25.7) 4.41 π → π*
6 441 (41.6) 2.81 π → π* 0.96d −1.38
370sh (17.1) 3.35 π → π*
304 (42.1) 4.08 π → π*
270sh (27.3) 4.59 π → π*
7 529 (10.3) 2.34 d(FeII) → π* 1.40 0.49 (80) −1.35
346 (37.8) 3.58 π → π* −1.59
304 (23.6) 4.08 π → π*
263 (26.7) 4.71 π → π*
8 604 (12.2) 2.05 d(FeII) → π* 1.38 0.13 (100) −1.41
391 (47.7) 3.17 π → π* −1.81
306 (38.7) 4.05 π → π*
9 465 (62.8) 2.67 π → π* 0.80 −1.40
378 (30.3) 3.28 d(ReI) → π*[(Dapv)2bpy] 1.34 −1.78
304 (53.1) 4.08 π → π*
272sh (35.6) 4.56 π → π*
aChloroform solutions ca. 1−4 × 10−5 M; ε values are the averages from measurements made at three diﬀerent concentrations (with ε showing no
signiﬁcant variation). bMeasured in DCM solutions ca. 10−3 M in analyte and 0.1 M in [N(C4H9-n)4]PF6 at a 3 mm disk glassy-carbon working
electrode with a scan rate of 200 mV s−1. Ferrocene internal reference E1/2 = 0.46 V, ΔEp = 70−80 mV. cData taken from ref 11. dDeposition of an
electroactive solid on the surface of the electrode was observed. ePeak preceded by a shoulder at ca. 0.75 V; return wave observed at Epc = 0.80 V.
Organometallics Article
DOI: 10.1021/acs.organomet.5b00193
Organometallics 2015, 34, 1701−1715
1705
relative ordering of inductive acceptor strength is therefore the
same as that noted for the Fc/Me8Fc complexes, but the
diﬀerence between the Re and ZnIICl2 species is more
pronounced with (Dapv)2bpy. The band at 378 nm in 9 is
assigned to d(ReI)→ π*[(Dapv)2bpy] MLCT, in keeping with
the theoretical results of Horvath et al.13 With a given ligand,
the intensity of the lowest energy band increases in the order
ZnII(OAc)2 < Zn
IICl2 < Re
I(CO)3Cl (Figures 2−4).
Electrochemistry. The results of cyclic voltammetric
measurements on 1−9, (Fcv)2bpy, (Me8Fcv)2bpy, and
(Dapv)2bpy in DCM are included in Table 1. Representative
voltammograms of 1, 4, and 7 are shown in Figure 5, while
additional traces are shown in the Supporting Information
(Figures S1−S3).
The complexes of (Fcv)2bpy show a reversible oxidation
process assigned to the two Fc groups (Figure 5). The
observation of only single waves is unsurprising and consistent
with an absence of any signiﬁcant mutual electronic coupling
via the divinyl-bpy linkage. The E1/2 value of this wave is
essentially the same for (Fcv)2bpy and for complexes 1 and 4,
and only slightly higher for the Re complex 7. The E1/2 value
for (Me8Fcv)2bpy is lower than that of (Fcv)2bpy by 0.44 V,
due to the increased electron richness of the methylated
ferrocenyl unit. Interestingly, this potential is increased
signiﬁcantly (by up to ca. 160 mV) on complexation to form
2, 5, or 8. The peak currents for the oxidation wave of
(Me8Fcv)2bpy increase with repeated scanning (see the
Supporting Information, Figure S1), consistent with the
buildup of an electroactive ﬁlm on the electrode surface. In
contrast, such behavior is not observed for 2, 5, or 8.
(Dapv)2bpy and its complexes show irreversible oxidation
processes at around 1 V, ascribed to the triarylamino groups
(see the Supporting Information, Figures S2 and S3), and the
deposition of electroactive ﬁlms is again observed. The Re
complexes 7−9 all display irreversible waves in the region ca.
1.3−1.4 V (Figure 5, for 7), attributable to ReII/I processes.
Return waves are observed, but ipc is signiﬁcantly smaller than
ipa. Each of 1−9 shows one or two irreversible processes in the
region ca. −(1.3−1.9) V, due to reduction of the vinyl-bpy
units.
X-ray Crystallography. Single-crystal X-ray structures have
been obtained for the proligand (Me8Fcv)2bpy and the
complexes 2, 4·CHCl3, and 8·0.5CHCl3. Representations of
the molecular structures are shown in Figures 6−9.
(Me8Fcv)2bpy shows the expected transoid conformation of
the central, fully planar bpy unit, with a center of symmetry in
the middle of the intra-annular C−C bond (Figure 6). The
vinyl groups are E-conﬁgured, consistent with 1H NMR data.
The C5Me4 rings are almost coplanar with the pyridyl groups,
Figure 2. UV−vis absorption spectra of the (Fcv)2bpy complexes 1
(blue), 4 (red), and 7 (green) in CHCl3 at 293 K.
Figure 3. UV−vis absorption spectra of the (Me8Fcv)2bpy complexes
2 (blue), 5 (red), and 8 (green) in CHCl3 at 293 K.
Figure 4. UV−vis absorption spectra of the (Dapv)2bpy complexes 3
(blue), 6 (red), and 9 (green) in CHCl3 at 293 K.
Figure 5. Cyclic voltammograms of complexes 1 (blue), 4 (red), and 7
(green) recorded at 100 mV s−1 in DCM (0.1 M in [N(C4H9-n)4]PF6)
with a glassy-carbon working electrode. The single-headed arrow
indicates the direction of the initial scans, starting from 0 V and
moving to positive potentials before scanning to negative potentials.
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forming a dihedral angle of ca. 1.3°, and the {FeII(C5HMe4)}
+
moieties are positioned on opposite sides of the bpy plane.
The structure of 2 (Figure 7) shows a distorted tetrahedral
coordination geometry at the Zn ion, with all geometric
parameters the same as those found in ZnIICl2(bpy).
34 The
distances also match those in ZnIICl2(4,4′-tBu2bpy), but the
angles in the latter are slightly smaller, with Cl−Zn−Cl ≈ 114°
and N−Zn−N ≈ 79°.35 The bpy fragment is essentially planar,
with a dihedral angle of only ca. 1.0° between the pyridyl rings.
As in the proligand (Me8Fcv)2bpy, the {Fe
II(C5HMe4)}
+ units
are positioned on opposite sides of the bpy unit, but there is
signiﬁcant twisting about the vinyl groups in 2. The dihedral
angles between the C5Me4 and pyridyl rings are ca. 16.4° and
25.9°.
While the relatively low solubility of 1 prevented the growing
of crystals suitable for X-ray diﬀraction, the markedly improved
solubility of 4 allowed good quality crystals of the solvate to be
grown from CHCl3 solution. The structure obtained appears to
be the ﬁrst reported for a zinc acetate complex, and once again,
a distorted tetrahedral coordination geometry applies (Figure
8). We have reported recently the structure of
[ZnII{(Fcv)2bpy}3][BPh4]2·6MeNO2, but with relatively low
resolution.11 In 4·CHCl3, the uncoordinated O atoms are
separated from the Zn by 2.685(4) and 2.727(4) Å, consistent
Figure 6. Representation of the molecular structure of (Me8Fcv)2bpy with the H atoms removed for clarity (50% probability ellipsoids).
Figure 7. Representation of the molecular structure of complex 2 with H atoms removed for clarity (50% probability ellipsoids). Selected distances
(Å) and angles (deg): Zn(1)−Cl(1) = 2.209(4); Zn(1)−Cl(2) = 2.205(4); Zn(1)−N(1) = 2.04(1); Zn(1)−N(2) = 2.05(1); Cl(1)−Zn(1)−Cl(2) =
117.2(2); N(1)−Zn(1)−N(2) = 80.7(4).
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with monodentate acetate binding, and the acetyl units adopt a
trans orientation. The uncoordinated C−O distances are ca.
0.06−0.07 Å shorter than their Zn-coordinated counterparts,
with approximately trigonal planar central atoms C(35) and
Figure 8. Representation of the molecular structure of the complex in 4·CHCl3 with the CHCl3 molecule and H atoms removed for clarity (50%
probability ellipsoids). Selected distances (Å) and angles (deg): Zn(1)−O(1) = 1.943(4); Zn(1)−O(3) = 1.952(3); Zn(1)−N(1) = 2.060(4);
Zn(1)−N(2) = 2.048(4); O(1)−C(35) = 1.297(6); O(2)−C(35) = 1.238(6); O(3)−C(37) = 1.293(6); O(4)−C(37) = 1.225(6); O(1)−Zn(1)−
O(3) = 121.8(2); N(1)−Zn(1)−N(2) = 79.7(1); O(1)−C(35)−O(2) = 122.4(5); O(3)−C(37)−O(4) = 122.4(5).
Figure 9. Representation of the molecular structure of the complex in 8·0.5CHCl3 with the CHCl3 molecule and H atoms removed for clarity (30%
probability ellipsoids). Selected distances (Å) and angles (deg): Re(1)−Cl(1) = 2.501(3); Re(1)−N(1) = 2.158(7); Re(1)−N(2) = 2.156(7);
Re(1)−C(51) = 1.90(1); Re(1)−C(52) = 1.92(1); Re(1)−C(53) = 1.92(1); N(1)−Re(1)−N(2) = 75.1(3); C(52)−Re(1)−C(53) = 88.3(4);
Cl(1)−Re(1)−C(51) = 177.6(4).
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C(37). In contrast with 2, the bpy unit in 4 is signiﬁcantly
nonplanar, with a dihedral angle of ca. 13.3° between the
pyridyl rings. As in (Me8Fcv)2bpy and 2, the {Fe
II(C5H5)}
+
units lie on opposite sides of the bpy unit. However, the
twisting about the vinyl groups in 4 is markedly asymmetric,
with dihedral angles between the C5H4 and pyridyl rings of ca.
3.9° and 25.3°.
In the structure of 8·0.5CHCl3 (Figure 9), the Re
I center
exhibits the expected facial arrangement of the CO ligands and
a distorted octahedral coordination, with geometric parameters
similar to those reported for 913 and its Et2N- analogue.
36 In
contrast to the proligand (Me8Fcv)2bpy, 2 and 4·CHCl3, in 8·
0.5CHCl3 the {Fe
II(C5HMe4)}
+ groups are found on the same
side of the bpy unit. In addition, the (Me8Fcv)2bpy ligand
adopts a relatively planar conformation, with the following
dihedral angles: py/py ≈ 4.8°; C5Me4/py ≈ 2.1 and 5.7°.
Unfortunately, all of the materials (Me8Fcv)2bpy, 2, 4·
CHCl3, and 8·0.5CHCl3 adopt centrosymmetric space groups
and so are unsuitable for bulk quadratic NLO eﬀects. However,
their generally good crystallizing ability, especially for the
Me8Fc compounds, suggests that materials with polar structures
might be produced by changing the crystal growing conditions.
Hyper-Rayleigh Scattering. The β values of complexes 1,
2, and 7−9 were measured in DCM solutions at 293 K by using
the HRS technique with a laser wavelength of 1300 nm,21 and
the results are collected in Table 2. The laser wavelength of the
tunable system was chosen to provide a compromise between
resonance enhancement toward a larger nonlinear response and
self-absorption of the HRS signal while ensuring a well-
established reference value.21d,e
All of the complexes except for 8 are emissive, and
unfortunately, this behavior precluded obtaining useful HRS
data for 3−6. Complex 9 has been reported to give an emission
band at λmax = 520 nm when excited at 350 nm in deaerated
DCM,13 and strong luminescence from solutions of 3 and 6 is
discernible even under ambient lighting. The latter (Dapv)2bpy
complexes give intense emission with substantial intensity at
the second harmonic wavelength of 650 nm, when excited at
650 or 433 nm, corresponding respectively with 2-photon and
3-photon excitation if using a 1300 nm laser. 4 and 5 emit less
strongly and only when excited at 433 nm, while emission from
the other complexes is too weak at 650 nm to aﬀect the HRS
measurements signiﬁcantly. Details of the luminescence
behavior are included in the Supporting Information (Figure
S4, Table S2).
As expected, increasing the electron donor strength in
replacing Fc with Me8Fc groups (1 → 2 and 7 → 8) increases
the β responses signiﬁcantly. For the ReI complexes, a further
modest increase appears to occur on moving to the Ph2N-
substituted complex 9, although the diﬀerence is within the
estimated experimental error limits. Comparing 7 with 9
indicates an approximate doubling of β. On the other hand, the
indistinguishable β values for the (Fcv)2bpy complexes 1 and 7
show that the ZnIICl2 and fac-Re
ICl(CO)3 centers are
equivalent with respect to inﬂuencing NLO behavior.
Stark Spectroscopy. The complexes 3, 5, 6, 8, and 9 have
been studied by Stark spectroscopy23,24 in butyronitrile glasses
at 77 K, and the results are shown in Table 3. Unfortunately,
the (Fcv)2bpy complexes 1, 4, and 7 and also the
(Me8Fcv)2bpy complex 2 are inadequately soluble under the
required conditions and so could not be studied. The
operational cutoﬀ of our Stark spectrometer is ca. 370 nm,
meaning that only the visible bands can be analyzed.
Representative absorption and electroabsorption spectra for 5,
6, and 8 are shown in Figure 10, while those for 3 and 9 are in
the Supporting Information (Figure S5).
For the Zn complexes 3, 5, and 6, the visible band maxima
show small blue-shifts of ca. 0.05 eV on going from CHCl3
solution to butyronitrile glass (Tables 1 and 3). In contrast, the
Re complexes 8 and 9 show no change or a slight red-shift,
respectively. At 77 K, the general trends for λmax within the
(Dapv)2bpy-containing series 3, 6, and 9, and the
(Me8Fcv)2bpy complexes 5 and 8 are the same as observed
at room temperature. The values of fos and μ12 (Table 3) also
conﬁrm that the band intensity increases substantially on
replacing (Me8Fcv)2bpy with (Dapv)2bpy, and the intensity
ordering with the series 3, 6, and 9 is as shown in Figure 4. The
parameters Δμ12, r12, Δμab, and rab are relatively similar for all of
the complexes except for 5 which shows somewhat smaller
values. The degree of delocalization (represented by cb
2)
remains essentially constant, within the relatively large
estimated experimental error limits. The matrix element Hab
that quantiﬁes the strength of π-electronic coupling is invariant
for 3, 5, and 6 but smaller for 8 and larger for 9.
Table 2. Visible ICT Absorption and HRS Data for
Complexes 1, 2, and 7−9 in DCM
complex λmax (nm) (⟨βHRS
2 ⟩)1/2a (10−30 esu)
1 526 55 ± 10
2 606 85 ± 15
7 530 50 ± 10
8 608 85 ± 15
9 461 110 ± 20
aThe total molecular HRS response irrespective of symmetry or
contributing tensor elements, measured by using a 1300 nm laser. The
quoted cgs units (esu) can be converted into SI units (C3 m3 J−2) by
dividing by 2.693 × 1020 or into atomic units by dividing by 0.8640 ×
10−32.
Table 3. Absorption and Stark Spectroscopic Data for Complex Salts 3, 5, 6, 8, and 9 in Butyronitrile at 77 K
complex λmax (nm) Emax (eV) fos
a μ12
b (D) Δμ12c (D) Δμabd (D) r12e (Å) rabf (Å) cb2g Habh (103 cm−1) β0i (10−30 esu)
3 446 2.78 0.34 5.7 23.7 26.3 4.9 5.5 0.05 4.8 116
5 561 2.21 0.15 4.3 14.3 16.7 3.0 3.5 0.07 4.6 63
6 435 2.85 0.31 5.4 23.7 26.0 4.9 5.4 0.05 4.8 99
8 605 2.05 0.17 4.7 21.2 23.2 4.4 4.8 0.04 3.3 130
9j 470 2.64 0.42 6.5 20.5 24.3 4.3 5.1 0.08 5.7 143
aObtained from (4.32 × 10−9 M cm2)A where A is the numerically integrated area under the absorption peak. bCalculated from eq 2. cCalculated
from f intΔμ12 using f int = 1.33.
dCalculated from eq 1. eDelocalized electron-transfer distance calculated from Δμ12/e.
fDiabatic (localized) electron-
transfer distance calculated from Δμab/e. gCalculated from eq 3. hCalculated from eq 4. iCalculated from eq 5. jDue to the low solubility in
butyronitrile, and the consequent noisy absorption spectra, these data should be viewed with caution.
Organometallics Article
DOI: 10.1021/acs.organomet.5b00193
Organometallics 2015, 34, 1701−1715
1709
The standard two-state model37 (i.e., eq 5, corresponding
with the “perturbation series” convention) has been used to
estimate β0 values, and the results are included in Table 3. This
approach is only rather approximate because the chromophores
are two-dimensional dipoles. Furthermore, it should be
emphasized that the ILCT bands will also contribute
signiﬁcantly to the overall NLO responses,8i,32 so the β0 values
reported here for the MLCT bands alone correspond with
lower limits only. The derived β0 values for the (Dapv)2bpy-
containing series 3, 6, and 9 are rather similar, with the largest
Figure 10. Spectra and calculated ﬁts for the complexes 5, 6, and 8 in butyronitrile at 77 K. Top panel: absorption spectrum; middle panel:
electroabsorption spectrum, experimental (blue) and ﬁts (green) according to the Liptay equation;24a bottom panel: contribution of 0th (blue), ﬁrst
(green), and second (red) derivatives of the absorption spectrum to the calculated ﬁts.
Figure 11. TD-DFT-calculated UV−vis spectra in CHCl3 (blue dashed lines) of 3 obtained with the mixed basis set 6-31(g)d/LanL2DZ and the
functionals B3LYP (a), CAM-B3LYP (b), or M06 (c), or the mixed basis set Def2-TZVP/SVP/TZVPP with M06 (d), together with the
experimental spectrum in CHCl3 (green). The ε-axes refer to the experimental data only and the vertical axes of the calculated data are scaled to
match the main experimental absorptions. The oscillator strength axes refer to the individual calculated transitions (red).
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being for the Re complex. The ca. 2-fold increase on moving
from 5 to 8 indicates that the fac-ReICl(CO)3 center is a more
eﬀective electron acceptor than ZnII(OAc)2, while the same
trend is apparent for the pair 6 and 9. Unfortunately, the gaps
in the available data preclude further comparisons, but it is
notable that both Stark and HRS results indicate a moderate
increase in the NLO response on moving from 8 to 9 (Tables 2
and 3). Within a broader context, the β values determined for
the new complexes are reasonably large. As a benchmark, a β0
value of 236 × 10−30 esu was determined from Stark data
obtained in butyronitrile at 77 K for the organic salt (E)-4′-
(dimethylamino)-N-methyl-4-stilbazolium hexaﬂuorophos-
phate,38 which contains a technologically useful chromophore.
Theoretical Studies. In order to rationalize the exper-
imental UV−vis absorption data, TD-DFT calculations have
been performed on the selected complexes 1−3 and 8. TD-
DFT studies on 9 have been carried out previously by using the
functionals B3LYP or CAM-B3LYP with the 6-31g(d)/
LANL2DZ mixed basis set.13
Because the trimetallic species (1, 2, and 8) require more
computational time than a (Dapv)2bpy complex, 3 was
optimized by using B3LYP/6-31g(d)/LanL2DZ and TD-DFT
calculations were performed with three diﬀerent functionals
(B3LYP, CAM-B3LYP, and M06) and a CPCM CHCl3 solvent
Figure 12. M06/Def2-TZVP/SVP/TZVPP-calculated (blue) and
experimental (green) UV−vis spectra of 1 (a), 2 (b), and 8 (c) in
CHCl3. The ε-axes refer to the experimental data only and the vertical
axes of the calculated data are scaled to match the main experimental
absorptions. The oscillator strength axes refer to the individual
calculated transitions (red).
Figure 13. M06/Def2-TZVP/SVP/TZVPP-derived contour surface
diagrams of the MOs involved in the dominant, closely spaced low
energy electronic transitions at 1.97 eV contained within the LE
absorption band of 8 (isosurface value 0.03 au).
Figure 14. M06/Def2-TZVP/SVP/TZVPP-derived contour surface
diagrams of selected donor MOs involved in the dominant electronic
transitions at 2.53 and 2.67 eV contained within the band at λmax ≈
470 nm of 8 (isosurface value 0.03 au).
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model. The resulting simulated spectra are shown in Figure
11a−c. Using B3LYP aﬀords a spectrum with two low energy
bands, each containing two dominant transitions, while the UV
region is modeled more accurately. In contrast, CAM-B3LYP
predicts two important low energy transitions leading to a band
that is blue-shifted substantially when compared with experi-
ment. Multiple transitions contribute to a high energy band that
also appears to shorter wavelengths than observed. These
results with B3LYP and CAM-B3LYP are reminiscent of those
for 9 reported by Horvath et al.13 M06 gives the best overall
prediction of the spectrum, with three resolved bands, although
the two lower energy ones are red-shifted when compared with
experiment. Optimization and TD-DFT calculations performed
by using M06/Def2-TZVP/SVP/TZVPP improves the pre-
dicted spectrum slightly, as shown in Figure 11(d).
Having established a method that gives relatively good results
for 3, complexes 1, 2, and 8 were optimized by using M06 and
Def2-TZVP/SVP/TZVPP. Selected frontier MOs are depicted
in Figures S6−S9 (Supporting Information). In all the
trimetallic species, the HOMO to HOMO−3 are centered on
the Fc (1) or Me8Fc (2 and 8) groups, and the same applies to
HOMO−4 and HOMO−5 in 2. The LUMO and LUMO+1
are mainly distributed on the bpy ligand, with almost negligible
participation of the Zn or Re centers in the frontier orbitals. On
the other hand, for 3, HOMO and HOMO−1 are centered on
the triphenylamino units, with LUMO to LUMO+2 on the bpy
fragments, while the Zn atom has an important participation in
HOMO−2 and HOMO−3.
TD-DFT calculations were run with M06/Def2-TZVP/SVP/
TZVPP in CHCl3. The resulting UV−vis spectra for 1, 2, and 8
are shown in Figure 12, and selected vertical transitions for
complexes 1−3 and 8 are collected in Table S3 (Supporting
Information). Reasonable agreement with the experimental
data is achieved in all complexes but 1, for which a strongly red-
shifted lowest energy (LE) band is predicted. In addition, the
calculations consistently underestimate the relative intensity of
the LE band. For 3, this band comprises a HOMO → LUMO
transition at 484 nm (2.56 eV), and a HOMO−1 → LUMO
transition at 466 nm (2.66 eV). Thus, the ICT character of this
absorption is conﬁrmed, with charge-transfer from the
triphenylamino units toward the bpy fragment. On the other
hand, the MOs involved in the LE band of complexes 1, 2, and
8 (see Figure 13 for 8) show transitions from the Fc (1) or
Me8Fc (2 and 8) groups to the bpy unit, indicating a primarily
MLCT nature. Transitions conﬁned largely within the Fc/
Me8Fc units also contribute to the LE band in 1 and 8, while
such transitions appear at signiﬁcantly higher energies (2.59
eV) in 2.
For 8, the intermediate energy band predicted at λmax ≈ 470
nm contains several intense transitions. Selected involved
HOMOs are shown in Figure 14; these donor orbitals are based
on the Re and Fe centers. Therefore, the band has the expected
MLCT character, albeit not only d(ReI) → π* but also d(FeII)
→ π*.
In order to probe further the NLO activities of these
complexes, static ﬁrst hyperpolarizabilities were calculated for
1−3 in the gas phase, DCM, and MeCN. The results are shown
in Table 4. Interestingly, the gas-phase βtot values resemble
more closely those determined via HRS or Stark spectroscopy
than do those obtained in solution. In each case, βtot increases
sequentially on moving from gas phase to DCM to MeCN.
Similarly, large solvent-induced enhancements of NLO
responses are also predicted by DFT calculations on essentially
V-shaped complexes with {RuIICl(Tpm)}+ (Tpm = tris(1-
pyrazolyl)methane) electron-donating centers.39 In either
medium, on moving along the ZnIICl2 series 1 → 3, βtot
increases, with a larger relative change when Me8Fc is replaced
with −C6H4-4-NPh2 groups. This trend is consistent with the
behavior of the lowest energy electronic absorption bands and
also the Stark and HRS results. Given the axis convention
adopted in the calculations (Figure 1), the tensor component βy
dominates and βxxy is the most signiﬁcant of the “oﬀ-diagonal”
ones.
■ CONCLUSION
We have synthesized and characterized a series of new
heterotrimetallic and monometallic complexes with largely V-
shaped electronic structures. The UV−vis absorption spectra of
the Fc/Me8Fc species show bands ascribed to MLCT (visible)
and ILCT (near-UV) transitions, while the amino derivatives
absorb signiﬁcantly more strongly in the visible region due to
ILCT bands. The energy of the visible band decreases as the
electron-accepting ability of the Zn/Re center increases in the
order ZnII(OAc)2 < Zn
IICl2 ≤ ReI(CO)3Cl. All of the
complexes except for fac-ReICl(CO)3[(Me8Fcv)2bpy] are
luminescent, but the other Me8Fc/Fc derivatives emit only
relatively weakly. Cyclic voltammetry in MeCN reveals
reversible oxidation processes for the Fc/Me8Fc proligands
and complexes, with E1/2 higher by ca. 0.3−0.4 V in the Fc
species. The Re complexes display irreversible ReII/I waves at
about 1.4 V vs Ag−AgCl. (Dapv)2bpy and its complexes show
irreversible oxidations due to the amino groups, and all
compounds show irreversible reductions of the vinyl-bpy
fragments. In several cases, irreversible oxidation leads to the
deposition of electroactive ﬁlms. Single crystal X-ray structures
of (Me8Fcv)2bpy and three complexes include apparently the
Table 4. Static First Hyperpolarizabilities (10−30 esu) Calculated at the M06/Def2-TZVP/SVP/TZVPP Level for Complexes 1−
3
complex βxxx βxxy βxyy βyyy βxxz βxyz βyyz βxzz βyzz βzzz βx βy βz βtot
1a 0.0 44.4 0.0 19.1 0.0 2.9 0.0 0.0 −0.7 0.0 0.0 62.8 0.0 63
1b 0.0 92.5 0.0 65.0 0.0 5.6 0.0 0.0 0.9 0.0 0.0 158.4 0.0 158
1c 0.0 100.3 0.0 73.5 0.0 6.0 0.0 0.0 1.3 0.0 0.0 175.1 0.0 175
2a 4.9 65.1 −0.7 14.9 −0.5 2.3 0.1 −0.2 −1.5 0.0 4.0 78.6 −0.4 79
2b 8.3 141.5 −2.7 59.2 −1.5 4.2 −0.2 −0.1 −0.8 −0.2 5.5 199.9 −1.9 200
2c 8.8 154.6 −3.2 68.2 −1.7 4.5 −0.3 −0.1 −0.6 −0.3 5.5 222.1 −2.2 222
3a 3.4 176.5 −2.3 117.5 −0.5 4.4 −10.6 −0.9 −3.9 0.4 0.2 290.1 −10.6 290
3b 8.3 334.7 −2.6 312.1 −0.7 8.9 −24.0 −1.5 −5.7 0.7 4.3 641.1 −24.0 642
3c 9.2 358.9 −2.4 347.2 −0.7 9.7 −26.3 −1.6 −6.0 0.8 5.2 700.1 −26.2 701
aIn the gas phase. bIn DCM. cIn MeCN.
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ﬁrst reported example of a ZnII acetate, but reveal
centrosymmetric packing structures. The values of β1300
measured via the HRS technique in DCM are relatively large,
and indicate that the NLO response increases as the visible
absorption band red shifts. The β0 values derived from Stark
spectroscopy in PrCN at 77 K show the same general trend,
although the contributions of only the MLCT bands could be
estimated. Unfortunately, complete data for all complexes could
not be obtained with either technique. TD-DFT calculations
with selected complexes conﬁrm the MLCT/ILCT assignments
of the low energy electronic absorption bands, and relatively
good agreement between predicted and measured spectra is
achieved in several cases by using M06 with Def2-TZVP/SVP/
TZVPP. The βtot values predicted via DFT for the Zn
IICl2
complexes conﬁrm the trend shown by HRS and Stark
measurements, with dominant βxxy tensor components due to
the essentially 2D dipolar structures. The heterotrimetallic
complexes are relatively unusual examples of crystallizable
chromophores with large and tunable NLO responses that are
potentially redox-switchable.
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